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ype 1 protein phosphatases (PP1) are involved in diverse cellular activities, ranging from glycogen metabolism to
hromatin structure modification, mitosis, and meiosis. The holoenzymes are composed of two or more subunits, including
catalytic subunit (PP1c) and one or more regulatory subunits. Many eukaryotes possess several catalytic subunit genes
hich encode highly conserved isoforms. In rodents, one of these isoforms, PP1cg2, appears to be expressed predominantly
n testes. Whether PP1cg2 performs a testis-specific function is unclear. To address this and other questions, the PP1cg gene
as disrupted by targeted insertion in murine embryonic stem cells. Mice derived from these cells were viable, and
omozygous females were fertile. However, males homozygous for the targeted insertion were infertile. Histological
xamination revealed severe impairment of spermiogenesis beginning at the round spermatid stage. In addition, defects in
eiosis were inferred from the presence of polyploid spermatids. Immunohistochemistry revealed the presence of PP1ca
protein on condensing spermatids in both wild-type and mutant testes, suggesting that this closely related isoform is unable
to compensate for the loss of PP1cg. These defects are discussed in the light of known functions of protein phosphatase
1. © 1999 Academic PressKey Words: protein phosphatase 1cg; spermiogenesis; targeted mutation.
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iINTRODUCTION
Protein phosphorylation/dephosphorylation is a perva-
sive mechanism for modulating cell activities. While the
bulk of phosphorylation occurs at serine and threonine
residues, and serine/threonine kinases are numerous and
varied, serine/threonine phosphatases are not. These phos-
phatases can be classified into four main types by biochemi-
cal criteria—protein phosphatase type 1 (PP1), type 2A
(PP2A), type 2B (PP2B), and type 2C (PP2C) (reviewed in
Bollen and Stalmans, 1992; Mumby and Walter, 1993; Wera
1 To whom correspondence should be addressed. E-mail:
svarmuza@zoo.utoronto.ca.
2 Current address: Laboratory of Molecular Entomology and
aculovirology, The Institute of Physical and Chemical Research
RIKEN), Hirosawa 2-1, Wako 351-01, Saitama, Japan.
3 Current address: Samuel Lunenfeld Research Institute, Mt.inai Hospital, 600 University Avenue, Toronto, Ontario, Canada,
5G 1X5.
98nd Hemmings, 1995). Phosphatase holoenzymes are com-
osed of catalytic subunits and one or more regulatory
ubunits. The biochemical criteria by which phosphatases
re subdivided (substrate specificity in vitro, sensitivity to
nhibitors) reflect the activities of the catalytic subunits
PP1c), which are encoded by a small number of highly
onserved genes. Target specificity and function in vivo, on
he other hand, reflect the activity of the various regulatory
ubunits, which are numerous and highly variable (re-
iewed in Hubbard and Cohen, 1993; MacKintosh and
acKintosh, 1994). Thus, the same catalytic subunit may
e found in several different phosphatase holoenzymes,
erforming a variety of tasks.
Many eukaryotes possess multiple genes encoding PP1c
soforms (Ohkura et al., 1989; Dombradi et al., 1989, 1990,
993). Rodents possess three genes encoding four
soforms—PP1ca, PP1cb, and PP1cg1 and PP1cg2 (Sasaki et
al., 1990), as well as a number of processed pseudogenes
(Okano et al., 1997). The PP1cg isoforms are generated by
0012-1606/99 $30.00
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99Mutant Protein Phosphatase 1cg Impairs Spermiogenesisdifferential splicing of the primary transcript of the PP1cg
gene.
Catalytic subunits for PP1 phosphatases are highly con-
served. The amino acid identity between dis2, one of the
Schizosaccharomyces pombe PP1c isoforms, and the rodent
P1ca isoform is 80% overall, ranging up to 89% over the
ost conserved 258 amino acids (Ohkura et al., 1989;
asaki et al., 1990). The amino acid conservation among the
various rodent isoforms is 91% overall and 98% over the
most conserved 258 amino acids. However, PP1cg2 differs
rom the other three rodent isoforms in its carboxy termi-
us (Okano et al., 1997). This isoform was observed to be
xpressed most abundantly in testis (Kitagawa et al., 1990;
ann et al., 1995), and immunohistochemistry revealed
hat it decorates the nuclei of germ cells from the pachytene
permatocyte stage through early spermatid stages (Shima
t al., 1993). These are the stages during which meiosis is
ompleted and remodeling of the chromatin commences.
part from the high levels of expression of PP1cg2 in testis,
both isoforms of the PP1cg gene are ubiquitously expressed
n mouse tissues as judged by Northern blot analysis (Mann
t al., 1995).
Mutations in PP1c genes in yeast (Ohkura et al., 1989)
nd Drosophila (Axton et al., 1990) cause mitotic arrest,
ith failure of sister chromatid segregation and hypercon-
ensation of chromosomes. Moreover, haploinsufficiency
f the Drosophila PP1 encoded by the PP187B gene causes
uppression of position effect variegation (Baksa et al.,
993), a phenomenon likely mediated by changes in chro-
atin structure (Henikoff, 1990). Histone H1 phosphoryla-
ion is regulated by PP1 (Paulson et al., 1996). These
bservations suggest that one of the cellular functions
egulated by PP1 is chromatin structure maintenance.
We have previously observed that PP1cg is down-
egulated in early stage parthenogenetic mouse embryos
Mann et al., 1995). This finding raised some questions
bout the role played by PP1cg during development, spe-
cifically, whether the different isoforms “buffer” each
other, as would be predicted from the high degree of
sequence conservation, or whether there is some specific-
ity, either through differential expression or through subtle
differences in function ascribed to nonconserved parts of
the polypeptides. As a first step in addressing these ques-
tions, we undertook to make a targeted mutation of the
PP1cg gene in mouse ES cells. The mutation was then
introduced into the mouse germ line. We report here the
results of our analysis of the effect of the mutation on
mouse development.
MATERIALS AND METHODS
Generation of Targeted Mutation in Murine PP1cg
Gene
The intron/exon organization of the murine PP1cg gene was
determined (Okano et al., 1997; Fig. 1A), and a targeting vector was
prepared by subcloning an ;1-kb XbaI/BglII fragment encompass-
Copyright © 1999 by Academic Press. All righting part of intron III, exon 4, intron IV, and part of exon 5 upstream
of the neo cassette in pPNT (Tybulewicz et al., 1991) and an ;
3.5-kb EcoRI fragment encompassing part of intron VI, exon 7,
intron VII, exon 8, and 2.5 kb of 39 nontranscribed flanking
sequence between the neo and the TK cassettes in pPNT (Fig. 1B).
The neo cassette replaces most of exon 5, all of intron V and exon
6, and part of intron VI. Targeting vector DNA was electroporated
into R1 ES cells as described by Guillemot et al. (1994). G418,
gancyclovir-resistant colonies were expanded, and DNA was ex-
tracted, digested with HindIII, and blotted for Southern hybridiza-
tion. Blots were hybridized with a probe derived from intron I
which lies outside of the targeting vector (see Fig. 1B). The
wild-type allele generates a 10-kb band that hybridizes with this
probe, while the mutant allele generates a 7-kb band (not shown).
Colonies that contained both alleles were chosen for further study.
Approximately 11% of neoR gancR colonies were correctly targeted.
Two independent colonies were selected at random for produc-
tion of chimeras. Small clumps of ES cells were aggregated with
six- to eight-cell uncompacted morulae derived from superovu-
lated, mated CD-1 females (Wood et al., 1993). The aggregates were
cultured overnight in PLG medium (Varmuza et al., 1993), to the
blastocyst stage, and transferred into the uterine horns of day 3.5
FIG. 1. Map of PP1cg gene (A) and construction of targeting vector
B). Solid black bars represent exons, open bar represents differen-
ially spliced intron VII. Alternative splicing to generate different
soforms is indicated below map. Hatch marks in first intron
epresent discontinuous sequence deleted from map to save space.
tippled bar beneath genomic map in B represents probe used in
nitial genotyping. Arrows represent primers used for genotyping
ice; solid arrow is common primer, open arrow is neo-specific
rimer, and hatched arrow is wild-type-specific primer. C shows
esults of typical PCR-based genotyping of 1/1, 1/2, and 2/2
mice using primers shown in B. The 500-bp wild-type band and the
250-bp mutant band are indicated by “wt” and “mut.” The asterisk
highlights primer dimer.pseudopregnant CD-1 females. Chimeric males displaying strong
contribution of ES cells by virtue of their coat color were used to
s of reproduction in any form reserved.
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100 Varmuza et al.generate F1 offspring following mating with either CD-1 females or
29 females. The latter mouse colony has been slow to expand, so
he data presented here reflect the results obtained from the
utbred colonies. No difference between the two original cell lines,
epresenting two independent targeting events, was observed, so
ata from each have been pooled for this paper.
Initial genotyping was performed by Southern blot using the
robe described above. Subsequent genotyping has been performed
y PCR analysis of tail DNA, using one common primer from
ntron IV (59 CTCAGGCCAATGCTGTCTGC 39), a neo-specific
rimer for the mutant allele (59 GGTGGATGTGGAATGTGT-
CG 39), and a wild-type allele-specific primer from the deleted
ortion of intron VI (59 ACTCATAGCCATCTTCAACCA 39).
hese primers amplify an ;500-bp fragment from the wild-type
llele and an ;250-bp fragment from the mutant allele (Fig. 1C).
RT-PCR of PP1cg mRNA was performed using the following
primers: exon 4 plus primer 59 GCTGTGGAAAACGTTCACAG 39
and exon 8 minus primer 59 AACCATTCTCAGCACATGGC 39.
Histopathology
Testes were fixed in 4% paraformaldehyde, embedded in glycol
methacrylate, sectioned (2.5 mm), and stained with periodic acid
and Schiff’s reagent and hematoxylin (PAS/H), as previously de-
scribed (Chapin et al., 1984). Testicular cross sections were evalu-
ated from 15-week-old 2/2 and 1/2 mice and from 20-week-old
2/2, 1/2, and 1/1 mice. No difference was observed in the
esticular histopathology due to age.
In some cases, testes were fixed in 4% paraformaldehyde, em-
edded in paraffin, sectioned (7 mm), and stained with either PAS or
Schiff’s/Light Green. Cross sections of testes from mice between
the ages of 7 and 25 weeks were examined.
Immunohistochemistry
Testes were fixed in 4% paraformaldehyde, embedded in paraffin
wax, and sectioned (7 mm). Following dewaxing in xylene, slides
were microwave treated in Na citrate buffer to recover the antigen
and washed once in H2O. Sections were incubated in primary
ntibody for either 1 h at room temperature or overnight at 4°C.
ollowing three washes in PBS, sections were incubated with
ppropriate biotinylated secondary antibody for 1 h at room tem-
erature. Following three washes in PBS, sections were incubated
ith streptavidin-conjugated Texas red or streptavidin-conjugated
hodamine and washed three times, including one wash in PBS
ontaining 1 mg/ml DAPI. Slides were mounted in glycerol and
iewed under UV light with appropriate filters. In some cases,
ouin’s-fixed testes were sectioned, or frozen sections were pre-
ared, and fixed in methanol. In the latter case, antigen retrieval
as not performed. Antibodies included anti-TP1 and TP2 (kindly
onated by Steve Kistler), anti-phosphorylated histone H1, anti-
hosphorylated histone H3 and anti-histone H3 (kindly donated by
avid Allis), anti-PCNA (Dako, Denmark) and anti-PP1ca–
carboxy terminus (Santa Cruz Biotechnology Company).
Seminiferous Tubule Diameter
All measurements were made by a single observer blinded to the
identity of the slides. In each of the five testicular cross sections
(one cross section per animal), the greater and lesser diameters of
all relatively round seminiferous tubules were measured (mean
number of seminiferous tubules measured 35.8 per cross section;
Copyright © 1999 by Academic Press. All rightrange, 19–47). For significance testing, the means of the lesser
diameters of seminiferous tubules per cross section of the PP1cg
knockout mice (n 5 2) were compared to the means of the
heterozygotes and wild-type mice (n 5 3) using the Student t test.
TUNEL Labeling
Paraformaldehyde-fixed, paraffin-embedded sections were sub-
jected to TUNEL labeling as described previously (Jurisicova et al.,
996), with the inclusion of a proteinase K treatment (20mg/ml for
5 min) followed by three washes in distilled water prior to TUNEL
labeling. The number of positively labeled cells per tubule was
counted over 50 tubules.
Western Blots
Western blots were performed using a NOVEX gel system,
following the manufacturer’s recommendations. Proteins were
detected using a Renaissance chemiluminescence detection system
(New England Nuclear) following incubation with HRP-conjugated
secondary antibodies obtained from Santa Cruz Biotechnology
Company. Antibodies included anti-phosphorylated histone H1,
anti-phosphorylated histone H3, and anti-histone H3 (all kindly
donated by David Allis) and anti-PP1ca (carboxy terminus), anti-
PP1cb (carboxy terminus), anti-PP1cg (amino terminus), and anti-
CREM from Santa Cruz Biotechnology Company. Note that PP1cb
and PP1cd are the same protein.
Slot Blot Analysis of Gene Expression
Probes for various genes were derived by RT-PCR using the
following primers: TP1, plus 59 TGGCATGAGGAGAGGCAA-
GAACC 39, minus 59 TCCGAATTTCGTCACGACTGGC 39, Ac-
ession No. X12521; protamine 2, plus 59 TCCTCCTCCAATC-
CAGGTCAGC 39, minus 59 GTGTGGCCTCACATGATGTTGC
39, Accession No. X14004; PP1ca, plus 59 CAAAGCCAAGAAAT-
AGC 39, minus 59 GAGAATCCAGCTTTGACC 39, sequence from
Sasaki et al. (1990); and PP1cd, plus 59 TCTGGATATTACCCT-
AC 39, minus 59 CATGACCTTTGATTATG, sequence from
asaki et al. (1990). The probes for PP1ca and PP1cd were derived
from the 39 untranslated region to avoid cross-hybridization among
he three isoforms.
RT-PCR product was gel purified, confirmed by cycle sequenc-
ng, and labeled by random hexamer priming for use in slot blot
nalysis. Ten micrograms of RNA was blotted to BioTrans filters
y slot blot and hybridized with labeled probes. Counts hybridized
o RNA were quantitated using a Molecular Dynamics phosphor-
mager. A b-actin probe was used to standardize loading (Mann et
l., 1995).
Acid Extraction of Histones and Basic Proteins
Whole testes were homogenized in protein extraction buffer (100
mM NaCl, 10 mM Tris–HCl, pH 7.4, 1 mM EDTA, 1 mM PMSF) in
the presence of 0.5 M HCl. The supernatant was precipitated with
7% perchloric acid and the pellet, containing core histones and
protamines, was washed and resuspended in water. Samples were
electrophoresed on a prerun acid-urea gel (Kistler et al., 1996) and
stained in Coomassie blue.
s of reproduction in any form reserved.
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101Mutant Protein Phosphatase 1cg Impairs SpermiogenesisSerum Testosterone
Approximately 100 ml of serum was collected from males imme-
diately following sacrifice. The serum testosterone was extracted
with ether, and testosterone levels were determined using an RIA
kit from Diagnostic Products Corp. (Los Angeles, CA).
Quantification of Cells Retrieved from the Cauda
Epididymis
Sexually mature male progeny between 8 and 25 weeks of age
were sacrificed and caudae epididymides were excised into 1 ml of
modified T6 medium (125 mM NaCl, 2.6 mM KCl, 0.5 mM MgCl2,
FIG. 2. Mutation is null. A shows the results of RT-PCR using
exon 4- and exon 8-specific primers on RNA extracted from 1/1,
1/2, and 2/2 mice. The ;750-bp wild-type RT-PCR product and
he 350-bp mutant RT-PCR product are indicated with “wt” and
mut,” respectively. The broad band between the mutant and the
ild-type bands in the 1/2 sample is a PCR artifact. Note that
NA was derived from testes which express mainly the 1.4-kb
P1cg2 mRNA. Thus, the other wild-type (1750 bp) and mutant
1350 bp) bands expected of the 2.5-kb PP1cg1 mRNA were not
observed in these samples. B is a Western blot of proteins extracted
from similar mice and probed with a PP1cg amino terminus-
pecific antibody (SC-6109) obtained from Santa Cruz Biotechnol-
gy.0.4 mM NaH2PO4, 5.5 mM glucose, 23 mM Na lactate, 25 mM
aHCO3, 0.171 mM CaCl2, 0.2% BSA). With the use of dissection
Copyright © 1999 by Academic Press. All righteedles and forceps, cells stored in the cauda were forced out into
he medium. Cell number and motility were determined in a small
liquot from each sample using a hemocytometer.
RESULTS
The Insertion Mutation Is a Null Mutation
The exons deleted represent critical portions of the PP1c
protein, as judged by in vitro mutagenesis studies on PP1ca
(Zhang et al., 1994; Huang et al., 1997) and the crystal
structure of PP1ca (Goldberg et al., 1995; Egloff et al., 1997).
orthern blot analysis revealed that mutant animals ex-
ressed a truncated mRNA (data not shown), consistent
ith a predicted splice event around the neo cassette, from
xon 4 to exon 7. This would result in a transcript encoding
protein 116 amino acids shorter than the wild-type
rotein, with 33 missense amino acids at the carboxy
erminus, resulting in deletion of the last 149 amino acids
f the native polypeptide. In order to assess the effect of the
nsertion on processing of the mRNA, we performed RT-
CR on RNA extracted from wild-type, heterozygous, and
omozygous mutant mice. The predicted splice event from
xon 4 to exon 7 produced a smaller RT-PCR product from
he mutant allele (Fig. 2A). This was the only product seen
n RNA from homozygous mutant mice. Sequence analysis
f the RT-PCR product confirmed that the predicted splice
rom exon 4 to exon 7 took place. The equal abundances of
utant and wild-type forms of mRNA in heterozygotes
uggested that most of the mutant primary transcript was
berrantly spliced and that transcription from the mutant
llele was unaffected by the insertion. However, Western
lot analysis revealed that the predicted protein was not
resent (Fig. 2B). The antibody used in the Western blots
as directed against the amino terminus of PP1cg, which
ould have been the same in both wild-type and mutant
roteins. The lack of signal on the Western blots suggests
hat either the mutant protein is unstable or the epitope has
een destroyed by altered protein folding. In either case, the
utant protein is unlikely to be functional. We therefore
onclude that the mutation is a true null mutation.
PP1cg Is Required for Spermatogenesis
Breeding records revealed Mendelian ratios of both male
and female homozygous mutant mice (not shown). This
ABLE 1
estosterone Levels Are Indistinguishable
Genotype Serum testosterone (nmol/L)a
1/1 8.31 6 2.99b
1/2 7.45 6 0.42
2/2 8.96 6 2.96a Serum testosterone was measured for 6 mice of each genotype.
b mean 6 standard error.
s of reproduction in any form reserved.
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102 Varmuza et al.indicated that the PP1cg null mutation is not lethal at any
stage of embryogenesis and must therefore be “buffered” by
the other two isoforms. Mutant females were fertile and
produced normal-sized litters. While mutant males pro-
duced relatively normal levels of testosterone (Table 1) and
were able to plug receptive females, attempts to breed
homozygous males were unsuccessful, prompting us to
examine their testes. These proved to be smaller than those
of their wild-type littermates (Fig. 3). Analysis of cells
retrieved from the cauda epididymis confirmed the pres-
ence of normal motile sperm in wild-type and heterozygous
males; however, mutant males had predominantly round
spermatids, with only the occasional sperm visible (Table
2). This phenotype is similar to a human condition known
as nonobstructive azoospermia and is consistent with a
defect in spermatogenesis. We therefore examined sections
of testes to assess the histopathology of spermatogenesis in
mutant males.
Histopathology
Within the testis, the light microscopic alterations were
limited to the seminiferous tubules, which were markedly
FIG. 3. Testis weights of 1/1, 1/2, and 2/2 males. Thin bars
represent SEM. Weights include both testes and epididymides. N
for 1/1, 1/2, and 2/2, respectively, at 7 weeks was 14, 26, and 16;
t 15 weeks was 6, 22, and 16; at 20 weeks was 14, 30, and 22; and
t 24 plus weeks was 14, 6, and 16.
ABLE 2
ells Retrieved from Mutant Caudae Epididymides
Round sperm
umber 2/2 mice scored 23
Mean number cells 6 SEM 3 106/mla 0.65 6 0.
a One cauda epididymis from each mouse was dissected into 2
wenty-three mice were analyzed in total; of these, 11 had both elon
nd round spermatids; 3 had round spermatids, elongates, and motil
otile (twitching) sperm from 4 mice were observed in 575 fields.rom wild-type (5.9 6 0.6 3 106 sperm/ml) and heterozygous (6.1 6 0.4 3
would be higher if the entire organ were dissected; only the caudae epi
Copyright © 1999 by Academic Press. All rightbnormal in the PP1cg mutant mouse (Figs. 4a and 4b). The
iameters of the seminiferous tubules were significantly
ecreased in the mutant testes compared to the heterozy-
ous and wild-type testes (mean 6 SD, knockout, 157.0 6
0.78 mm; pooled heterozygotes and wild type, 204.4 6 7.13
mm; P , 0.005).
There was a generalized loss of germ cells in the testes
from mutant mice, often with a marked decrease in the
numbers of round and, especially, steps 8–16 elongating and
condensing spermatids (Table 3). Despite the decreased
numbers of germ cells, the overall organization of the
seminiferous epithelium into stages with cohorts of sper-
matogonia, spermatocytes, and spermatids was preserved
(Figs. 4c and 4d). The epithelium was sometimes distorted
by an increased number of basal vacuoles of varying sizes in
various stages of the seminiferous epithelium (Fig. 5) and by
the displacement of Sertoli cell nuclei away from the
basement membrane toward the lumen. The defect in
spermatogenesis was highly variable between seminiferous
tubule cross sections, ranging from a mild loss of round and
elongating/condensing spermatids (Fig. 4d) to a nearly com-
plete loss of haploid germ cells (Fig. 5).
In stage XII, occasional meiotic spindles were abnormal,
including some with three spindle poles (Fig. 6a). The round
spermatid population showed distinctive abnormalities
which could be explained by meiotic failure. Specifically,
numerous round spermatids in stages I–VI contained large
nuclei (;twofold larger than normal) with multiple acro-
somes and multiple nucleolus-like structures (Fig. 6b). In
addition, round spermatids in stages V–VIII were some-
times seen as “conjoined twins” in which two or three
spermatid nuclei within the same cytoplasm were attached
together at their acrosomes (Figs. 6c and 6d). The fate of
these multinucleated round spermatids varied from degen-
eration (Fig. 6e), continued development into multinucle-
ated elongate spermatids (Fig. 6f), or early release from the
seminiferous epithelium (see below). All mutant mice ex-
amined histologically had multinucleated spermatids.
While polyploid spermatids could be found easily in mutant
seminiferous tubules, the majority of spermatids possessed
only one acrosome, as judged by PAS staining of both
semithin sections and thicker paraffin sections, and a single
s Elongates Motile sperm
11 4
0.0027 6 0.0007 0.0008 6 0.00016
edium, and 25 fields of cells were counted in a hemocytometer.
s (cells with elongated morphology as viewed under phase contrast)
rm; and 1 had round spermatids and (one) motile sperm. Only eight
y sperm were observed in hemocytometer fields of samples takenatid
08
ml m
gate
e spe
Onl106 sperm/ml) males. Note that numbers of sperm per epidydimis
didymides were examined in this study.
s of reproduction in any form reserved.
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103Mutant Protein Phosphatase 1cg Impairs Spermiogenesisnucleolus-like structure. The polyploid trait appeared to be
variable, not surprising given the outbred nature of the mice
used in this study. Careful morphometric analysis of this
trait performed on inbred mice will provide more useful
information.
FIG. 4. PP1cg knockout mice have abnormalities in spermatoge
normal diameter and have a normal complement of the various germ
b and d), the seminiferous tubules are smaller in diameter and more
ubules vary in their germ cell content, often lacking groups of ge
permatids). PAS/H; bar (a, b), 100 mm; bar (c, d), 50 mm.
ABLE 3
requency of Seminiferous Tubules Containing Elongating and
ondensing Spermatids
0–0.2a 0.21–0.6 0.61–1.0
Mean
frequency
6 SEM
Number 2/2
mice
4 6 5 0.48 6 0.07
Number 1/1
mice
0 0 6 0.94 6 0.03
a Tubules were scored positive for elongating and condensing
permatids if they contained 10 or more elongates. Seven-
icrometer sections of paraformaldehyde-fixed, paraffin-embedded
estes from mature males, ages 7–24 weeks, were analyzed. Wild-
ype mice were age matched. The average numbers of tubules 6o
t
EM counted per mouse were 119 6 14 (mutant) and 144 6 28
wild-type).
Copyright © 1999 by Academic Press. All rightThe caudae epididymides of the wild-type and heterozy-
ous mice contained mature spermatozoa, with an occa-
ional round cell noted in heterozygotes. In the mutants,
owever, almost all of the lumenal cells were round, with a
ize and appearance consistent with round spermatids
Table 2). As judged by appearance of unfixed cells under
hase contrast in a hemocytometer, approximately half of
utant males also contained elongate cells in their epididy-
ides and in a small subset a few motile sperm were
bserved. As these cells moved from the caput to cauda
pididymis, their nuclei showed increasing pycnosis. The
ew sperm that can be recovered from mutant epididymides
re abnormal in appearance or immotile.
Quantitative analysis of paraffin sections revealed that,
lthough there was considerable variability in the popula-
ion sample, mutant seminiferous tubules were particularly
eficient in elongating and condensing (steps 8–16) sperma-
ids (Table 3). The variability in this phenotype also likely
eflects the fact that the colony is outbred. A similar
ariability was observed for the cell types recovered from
utant caudae epididymides (Table 2). All steps in spermio-
enesis were present in mutant tubules, as judged by the
AS staining pattern of acrosomes (earlier steps 2 through 9)
. In heterozygous mice (a and c), the seminiferous tubules are of
types, including elongate spermatids. In the PP1cg knockout mice
able in appearance. At higher power (d), the knockout seminiferous
ells (asterisk, missing round spermatids; arrows, missing elongatenesis
cell
varir by the shape of condensing spermatid nuclei (steps 10
hrough 16), although the latter were reduced in numbers.
s of reproduction in any form reserved.
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104 Varmuza et al.Cell Division Is Normal and Cell Death Is Elevated
Experiments in yeast and fruit flies demonstrated that
PP1c is required for mitosis (Ohkura et al., 1989; Axton et
al., 1990). If the other isoforms are not expressed in germ
cells, then spermatogonia will be unable to divide in the
seminiferous epithelium. As noted above, the epithelium is
FIG. 5. In mutant mice, spermatogenesis is often markedly impai
permatids are visible. The seminiferous epithelium is distorted by
rom the basement membrane (arrow). PAS/H; bar, 10 mm.
FIG. 6. Polyploidy suggests meiotic defects in the PP1cg mutan
arrowheads identify segregated chromatin). (b) Abnormal meiosis
y their large size, multiple nucleoli-like structures (arrowheads), a
hree (d) nuclei attached at their acrosomes are commonly seen la
ither degenerate (e), as indicated by margination of nuclear chromatin
r further develop into elongate spermatids (f), some of which may be m
Copyright © 1999 by Academic Press. All rightormal in its organization, although the cell numbers are
omewhat reduced. We assessed cell division by immuno-
istochemistry for PCNA, a marker of DNA synthesis (data
ot shown). PCNA labeling was restricted to the proliferat-
ng spermatogonial layer. The numbers of positive cells per
ubule were not significantly different in mutant compared
n this seminiferous tubule, few spermatocytes and only occasional
erous large vacuoles (asterisks) and Sertoli cell nuclei are displaced
use. (a) Meiotic abnormalities occur, including tripolar meioses
ts in round spermatids with excessive nuclear material identified
ultiple acrosomes (open arrows). Round spermatids with two (c) or
development. These abnormal multinucleated round spermatidsred. It mo
resul
nd m
ter in(e, arrows) and condensation and vacuolization of the cytoplasm,
ultinucleated (f, arrows). PAS/H; bar, 10 mm.
s of reproduction in any form reserved.
p
g
f
s
s
h
e
b
w
w
W
a
d
c
e
e
r
c
W
s
P
105Mutant Protein Phosphatase 1cg Impairs Spermiogenesiswith wild-type or heterozygous testes, suggesting that mi-
tosis in these cells is not adversely affected by loss of PP1cg.
DAPI/TUNEL analysis of mutant testes revealed an ap-
roximately 10-fold increase in the numbers of cells under-
oing programmed cell death (Fig. 7). Dying cells were
ound scattered randomly throughout the thickness of the
eminiferous epithelium in mutant testes, while the occa-
ional TUNEL-positive cells observed in wild-type and
eterozygous testes were almost always in the seminiferous
pithelium adjacent to the basement membrane.
PP1ca and PP1cd Are Expressed in Testes
The apparently normal cell division in the seminiferous
epithelium suggested that loss of PP1cg was adequately
uffered by one of the other isoforms in these cells. This
as confirmed for both PP1ca and PP1cd in mutant and
ild-type testes. Both RNA dot blot (not shown) and
FIG. 7. DAPI/TUNEL analysis of mutant testes reveals increased
numbers of cells undergoing apoptosis (B) compared with wild-type
testes (A). Arrows highlight TUNEL-positive cells.estern blot (Fig. 8) analysis revealed that both isoforms
re expressed in testes and that there is little quantitative
Copyright © 1999 by Academic Press. All rightifference between mutant and wild type. Immunohisto-
hemistry revealed that PP1ca is expressed in condensing
spermatids in both wild-type and mutant testes and is
localized to the nuclei (arrows in Figs. 9A and 9B). There is
also cytoplasmic PP1ca protein in other cells in the tubules,
although in lesser quantities (arrowheads, Fig. 9). This
observation suggests that PP1cg has a specific function in
the testis that cannot be buffered by the other isoforms.
Transition Proteins Are Expressed in Mutant
Spermatids
The nature of the defects revealed by the histopathology
suggested a breakdown in normal spermiogenesis. We
therefore examined several candidate dephosphorylation
targets, directly and indirectly, that are known to play
significant roles in this process. The phenotype exhibited
by PP1cg mutant testes is superficially very similar to that
xhibited by CREM 2/2 testes (Nantel et al., 1996; Blendy
t al., 1996). CREM is a transcription factor phosphoprotein
equired for expression of several testis-specific genes, in-
luding transition proteins 1 and 2 and protamines 1 and 2.
e therefore asked whether CREM or any of its targets,
pecifically TP1 and protamine2, are missing or changed in
P1cg mutant testes. The CREM protein profile, which
includes several phosphorylated forms, of wild-type and
mutant testes is indistinguishable on Western blots, sug-
gesting that loss of PP1cg does not affect CREM phosphor-
ylation quantitatively (Fig. 10). While transcription of
CREM targets TP1 and protamine 2, assessed by dot blot
FIG. 8. Western blots of mutant and wild-type testicular proteins
probed with antibodies directed against PP1ca (SC-6104) and PP1cd
(SC-6106) carboxy termini. Antibodies were obtained from Santa
Cruz Biotechnology. Equal amounts of protein were loaded in each
lane as judged by Coomassie blue staining of companion gels.
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106 Varmuza et al.analysis, was reduced in mutant testes by approximately
50% (data not shown), it was nevertheless quite robust.
Protamine and transition protein mRNAs, synthesized in
FIG. 9. Immunohistochemistry of wild-type (A) and mutant (B) te
permatids (arrow). Weaker signals can be seen in less mature sperm
are fewer condensing spermatids in mutants, the characteristic cr
replaced with a more diffuse pattern (arrowhead, B). Control sli
nonspecific staining (asterisks) in the intertubule region (inset C).
FIG. 11. Immunohistochemistry of wild-type (A) and mutant (C)
sections stained with DAPI (B and D, respectively) reveal the pre
positive staining that also contain condensing spermatids, highligh
FIG. 10. Western blot analysis of CREM phosphoprotein in mu-
tant testes. Equal amounts of protein extracted from wild-type
(1/1), heterozygous (1/2), and mutant (2/2) testes were electro-
phoresed through a 10% SDS–PAGE gel, blotted, and probed withp
o
anti-CREM antibody (Santa Cruz Biotechnology). Different phos-
phorylated forms produce a triplet pattern.
Copyright © 1999 by Academic Press. All rightound spermatids, are sequestered during early spermiogen-
sis in ribonucleoprotein (RNP) complexes with various
NA binding proteins, including TB-RBP (Wu et al., 1997),
rbp, Sprn, and a 48/50-kDa protein (Fajardo et al., 1997).
ranslation is not initiated until spermatids reach the
longating stage, following release of mRNAs from these
NPs. In at least one case (TB-RBP) dephosphorylation of
he protein moiety releases the mRNAs and allows their
ranslation (Kwon and Hecht, 1993). If TB-RBP is a target of
P1, then failure to dephosphorylate it should lead to
educed or nonexistent levels of protamines and transition
roteins. Examination of acid-soluble proteins extracted
rom mutant and wild-type testes, and electrophoresed on
cid-urea gels, revealed that protamines were absent from
utant testes (not shown). We examined mutant testes by
mmunohistochemistry for the presence of TP1 and TP2,
with anti PP1ca antibody. PP1ca protein is present in condensing
s (arrowhead). Mutant testes also express PP1ca; however, as there
t-shaped pattern of intense staining in condensing spermatids is
ncubated with secondary antibody alone were blank except for
es incubated with rabbit polyclonal anti-TP1 antibody. The same
e of condensing spermatids. Arrows in A and C indicate areas of
by similarly placed arrows in B and D.stes
atid
escen
des iroteins present in condensing spermatids. Mutant testes
ccasionally produce condensing spermatids. These were
s of reproduction in any form reserved.
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107Mutant Protein Phosphatase 1cg Impairs Spermiogenesisfound to contain TP1 (Fig. 11) and TP2 (not shown), indi-
cating that where the appropriate cell types are present,
transition proteins are synthesized. These data demonstrate
that mutant testes release TP1 and TP2 mRNAs for trans-
lation and suggest that reduced levels of these proteins are
likely a consequence of cellular defects or loss of appropri-
ate cell types.
Condensing Spermatids Retain Histones
Testicular cross sections were reacted with antibodies
directed against phosphorylated histone H1, phosphory-
lated histone H3 (pH3), and unphosphorylated histone H3
and examined by immunofluorescence. For each antibody,
the staining in wild-type and heterozygous testes was
similar, while a wider developmental range of germ cell
types stained more intensely in the mutant testes. This
trend is illustrated with the pH3 antibody; in the wild type
or heterozygote (Figs. 12a and 12b), spermatogonia and
spermatocytes were stained, while in the mutant, staining
FIG. 12. The nuclear histones stain more intensely in more g
mmunohistochemistry for phosphorylated histone H3 stains sperm
attern in this stage X–XI seminiferous tubule (a, b). In the knoc
taining of spermatogonia (open arrow), punctate staining of sperm
he basement membrane (arrowheads) and lumens (stars) are i
nterference contrast images (b, d); bar, 50 mm.included elongate spermatids up to step 15 (Figs. 12c and
12d). d
Copyright © 1999 by Academic Press. All rightWe examined whole protein extracts on Western blots for
hanges in the phosphorylation pattern of histones H1 and
3, but could detect no differences between wild-type and
utant testicular proteins (not shown). This suggests that
he differences in distribution observed by immunohisto-
hemistry are not related to the phosphorylation pattern of
istones and are therefore a consequence of the cellular
efects in the mutant testes.
DISCUSSION
We have made a null mutation of the PP1cg gene which
liminates both isoforms PP1cg1 and PP1cg2. Homozygous
utant mice are viable, and females appear to be fertile.
ales, however, are sterile due to a failure of spermiogen-
sis. Loss of spermatids commences at the round spermatid
tage and increases in severity such that there is a marked
eduction in elongating and condensing spermatids and an
lmost complete absence of mature sperm.
cells in the PP1cg knockout mouse. In the wild-type mouse,
onia (open arrow) diffusely and spermatocytes (arrow) in a punctate
mouse, a stage X–XI seminiferous tubule shows intense diffuse
tes (short arrow), and staining of elongate spermatids (long arrow).
fied in these paired immunofluorescence (a, c) and differentialerm
atog
kout
atocyThere is histopathological evidence that meiosis may be
isrupted. The presence of polyploid spermatids suggests a
s of reproduction in any form reserved.
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108 Varmuza et al.failure of one of the reductional divisions. This would be
consistent with the known function of PP1 in yeast and
fruit flies, where it is required for sister chromatid segrega-
tion (Ohkura et al., 1989; Axton et al., 1990). Moreover, the
accharomyces cerevisiae PP1 gene, Glc7, is required for
meiosis and sporulation and has been shown to bind other
meiosis-specific proteins in a yeast two-hybrid screen (Tu et
al., 1996). In mutant testes, we observed spermatids with
multiple acrosomes and nucleoli-like structures, indicative
of polyploidy. While the majority of spermatids contained
only a single acrosome and nucleolus-like structure, it is
unclear whether these are also polyploid, although their
small size suggests that they may be haploid. If this is the
case, the fact that PP1cg 2/2 mice are azoospermic indi-
cates that another defect, encountered at a later stage of
spermiogenesis, has more devastating effects. The appar-
ently incomplete penetrance of the meiotic defect may
reflect the decreased dosage of all PP1s caused by elimina-
tion of PP1cg from the pool of PP1ca, PP1cd, and PP1cg in
hese cells. One would predict that further reduction of PP1
osage should effect a more complete meiotic defect, al-
hough it is not clear whether cells would be able to
rogress to later spermatogenic stages or whether they
ould become blocked at spermatogonial or spermatocyte
tages under these conditions.
PP1 mutations in yeast and Drosophila cause hypercon-
ensation of chromosomes (Ohkura et al., 1989; Axton et
l., 1990). We did not observe any significant increase in
eiotic cells with hypercondensed chromosomes. It is
ossible that DNA hypercondensation in PP1 yeast and
rosophila mutants in fact reflects the onset of pro-
rammed cell death. We did observe an increase in TUNEL-
ositive cells. However, dying cells were scattered through-
ut the tubule and were not restricted to the basal
eminiferous epithelium, where the spermatogonial cells
re situated, nor in the spermatocyte layer. Thus, if the
utation is affecting meiosis by impairing sister chromatid
egregation in a subset of cells, either meiotic cells do not
espond to loss of PP1 by hypercondensing their DNA or
here is enough PP1 activity provided by the other isoforms
o overcome this step in the response pathway and allow
he further development of polyploid spermatids. Further
nvestigation of this phenotype will involve careful quanti-
cation of the frequency of polyploidy and examination of
xpression of meiosis markers. This may be better per-
ormed in inbred mice, in order to avoid confounding effects
f genetic background modifiers on an incompletely pen-
trant trait.
The later spermiogenesis defect is more difficult to estab-
ish from histopathological analysis. It is clear that far fewer
ells proceed through elongation and condensation, and the
ew that do rarely form motile sperm. The elongating
permatid stage is characterized by genome remodeling,
uring which histones are replaced by transition proteins in
rder to enable chromatin condensation and packaging into
perm heads (Oko et al., 1996). While transition protein and
rotamine RNA is present and abundant in mutant testes,
Copyright © 1999 by Academic Press. All rightrotein product is less abundant (TP1) or absent (prota-
ine), probably reflecting the loss of cell types that express
hese proteins. Moreover, preliminary evidence revealed
hat histones remain complexed with spermatid chromatin
eyond the stage when they are normally removed. The
bnormal spermatids may then be susceptible to apoptosis,
hich is elevated approximately 10-fold in mutant testes.
An alternative explanation of the phenotype could be
remature release of spermatids from the seminiferous
pithelium. All stages of spermatids appear to be made in
utant testes, as judged by either appearance of the acro-
ome following PAS staining or shape of the nucleus. The
umerous pycnotic cells observed in the epididymides may
epresent these prematurely released cells. At present we
re unable to distinguish these two alternative explanations
or the defect, as there is evidence for both.
The potential targets of PP1 involved in spermatogenesis
re still unknown. Phosphorylated histone H1 and histone
3 distribution appears to be changed in mutant testes;
owever, Western blots do not reveal any differences in the
evel of phosphorylation of these histones. Thus, the
hanges in distribution likely reflect the pathological
hanges in the cells rather than an increase in phosphory-
ated histone H1. CREM transcription factor phosphoryla-
ion is unaffected in mutant testes. Similarly, TB-RBP
ight be a target of PP1 in testis; however, two mRNAs
equestered by TB-RBP (TP1 and TP2) are translated into
rotein. This suggests that either TB-RBP is not dephospho-
ylated by PP1 or the dephosphorylation is not an absolute
equirement for release of these mRNAs into the pool of
ranslatable mRNA. Leaky release of protamine and transi-
ion protein mRNAs may permit progression of cytodiffer-
ntiation at the elongating and condensing spermatid steps.
Escapers” might therefore be expected to proceed nor-
ally through spermiogenesis. This does not appear to be
he case, since very few sperm are produced, and those that
re produced display a high degree of morphological abnor-
alities (Jurisicova, Lopes, Meriano, Casper, and Varmuza,
ubmitted for publication).
PP1ca and PP1cd are both expressed in testes as judged by
estern blot analysis of protein extracted from whole
estes. Immunohistochemistry revealed high levels of
P1ca in condensing spermatids and lower levels in other
erm cell stages. Persistence of PP1ca in cells that are
known to be affected by loss of PP1cg implies that the
functions of the two isoforms do not overlap in these cells,
if germ cells are the primary site of action of PP1cg. The
abundance of PP1cg2 as the major PP1cg isoform in the
testis, and the relative uniqueness of its carboxy terminus
in relation to the other three isoforms (Okano et al., 1997),
strongly suggests that the testis-specific activity of PP1cg is
a function of that unique carboxy terminus.
PP1 isoforms do not buffer each other in the testes,
indicating differences in function that may be ascribed to
the nonconserved parts of the polypeptides. Comparison of
the amino acid sequence of PP1ca and PP1cg reveals that
the amino termini differ by 8/40 amino acids; however, 4 of
s of reproduction in any form reserved.
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isoforms differ at 4/258 amino acids. Moreover, X-ray
crystallography of PP1ca complexed with a peptide found in
a number of regulatory subunits (Zhao and Lee, 1997)
revealed that contacts between this conserved peptide and
PP1ca are clustered near the carboxy end of the protein
Egloff et al., 1997). One of the 9 contact amino acids in
P1ca is changed in PP1cg. This limits the structural basis
of functional differences between PP1ca and PP1cg to one
of three possibilities: (1) regulatory subunits that recognize
the differences in the amino terminus, (2) a specific regula-
tory subunit that recognizes the diverged contact point in
PP1cg and binds specifically with this isoform, or (3)
interaction of a specific regulatory subunit with the unique
carboxy terminus of PP1cg2.
We favor the last explanation as there is evidence that
ther regulatory subunits bind PP1c at more than one place
Goldberg et al., 1995), and the unique carboxy terminus
hould be in close proximity to the contact sites mapped by
gloff et al. (1997). One way to test this hypothesis would
e to make a “knock in” mutation at PP1cg that prevents
expression of the PP1cg2 isoform but allows expression of
the PP1cg1 isoform. The latter isoform would also differ
from PP1ca at the amino terminus, and at the one diverged
regulatory peptide binding site, but would have a carboxy
terminus that more closely resembles PP1ca than PP1cg2.
If the knock in mutation also causes defects in spermiogen-
esis, then the carboxy terminus can be inferred to interact
with a specific regulatory subunit to yield a PP1 that
performs a very special function during spermiogenesis
during remodeling of round spermatid chromatin.
Identification of dephosphorylation targets of PP1cg in
testes will be the next major stage in analysis of an
emerging pathway in cytodifferentiation. Experiments are
under way to address some of the questions raised by our
investigation.
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